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Cultural transmission

Are Lotka-Volterra equations adequate?
Population numbers after (P’) and before (P)
cultural transmission (during 1 generation)

number of farmers (F): Pp= Pr + aPprPy (1)
{ number of hunter — gatherers (H): P;; = Py — a PpPy (2)

Problem:
Number of HGs converted per farmer according

to Eq.(2) = ~2—"H

= aPy — ! No maximum!

if Py > o

Fort, PNAS (2012)



Cultural transmission

3 types
1) vertical 2) horizontal 3) oblique
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Horizontal cultural transmission

In order to analyze archaeological data, vertical transmission is not enough.

Cavalli-Sforza & Feldman, Cultural transmission and evolution (1981)
n = number of teachers that a HG contacts during his/her lifetime.

[If n were proportional to Pr + Py, we would obtain Lotka-Volterra egs., but according to
ethnographic data n is roughly the same for many populations (Dunbar, 1993)]

P .
£ = u = proportion of F-teachers of a HG.
Pr+Pg
P
£ = nu = number of F-teachers of a HG.
Pr+Pgy

q = probability that a HG becomes F due to contact with a single F teacher.
1 — (1 —q)™ = probability that a HG becomes F during his lifetime

prob'ab. not F
1-(1—-q@)™ =nqu = fuifq K 1, with f = ng
Number of HGs who become Fs per generation = fuPy ’



Horizontal cultural transmission

Pp = Py +pr TP, Number of HGs converted per
R PePy | farmer:
kPH _PH_fPF"'PH\PH —Py = f Py S f
Py T Pp 4Py
if Py — oo

There is a maximum.
In contrast, for Lotka-Volterra egs.:

PF:PF-I_aPFPH/PH_PH_aPH—)OO' No maximum.
P}, = Py —a PpPy Fr

if Py — o



Horizontal cultural transmission

Limitation

A

of these equations (noted by L. L. Cavalli-Sforza, 2011)
PPy

(
PF=PF+fPF+pH I/prp > Py

PPy
P, =Py —f ~Py—fPp=(1—-f)Py>0->f<1
LH H PF+PH H H H
(., PpPy
PrPy P, — P},
P, = Py — ~Py—f Pr - =

each farmer can at most convert
a single HG in their lifetime!



Horizontal cultural transmission
A generalization avoids this limitation:

‘We have assumed that a HG is equally likely to learn from Fs or HGs, so that:
Pp

number of F-teachers per HG = n
Pr+Pg

‘We now assume that a HG contacts only (for learning purposes) a portion
of his F neighbors and a portion S of his HG neighbors, then:

number of F-teachers per HG = n —~-f = pn—2F
CZPF+ﬁPHI\ Pr+yPy
Thus: /'fPF >» Py y=F/a
P/, = Py —fpifj’;HzPH —fPy=(0—f) Py>0- f <1 asbefore, but:
ro_ ¢ PrPg f Py—Py _ | <
Py = Py fPF+yPH ~<H + » Pr - Py not < 1, so a F may convert >1 HG.

if Py > Pp



Horizontal cultural transmission

- C==
b=yt P p ep
< F—oF fPF +yPy F F=——the front speed
PpPy /
pl=p, — f—FH \p _cp. depends only on C, not on f
\ Pr+yPyp.” ) and y separately
when the first farmers arris\-/_é"(_PF ~ 0)
For frequency-dependent transmission, f is usually replaced by f + h (2 PPF+P; — 1) [1,2]
F H
but PPF+P; ~ Pr for P = 0, so it leads to a 2"d-order term in the eqgs. above.
F H
f f—h

Thus the only change is that C = , is replaced by C = —

So the Neolithic results (next slides) do not change.

[1] Boyd & Richerson 1985
[2]Henrich 2001: h=conformist, f=direct and indirect (e.g., prestige) biases. 8



Application to the Neolithic (F=number of farmers/km?)
(1) Non-cohabitation eq.: F(x,y,t +T) — F(x,y,t) =

J j F(x+ 0y, y+A,t) ¢pp(Ay, A)) dAy dA, — F(x,y,t) + Rp[F(x,y,t)] — F(x,y,t)

This leads to Fisher’s eq. but makes substantial errors (up to 50%, Isern et al. 2008)

(2) Cohabitation equation: » (o
F(x,y,t +T) = J f Re|F(x + A,y +4,,0)] ¢r (A 4,) dA, dA,

population density . .
0.9. t non-cohabitation COhabltalOn

0.7 t+T net reproduction | |t + T

0.5 /
—_—

0.34

0.1-

X X-Ax X X+Ax x-AX X x+Ax ’
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f

\

H(x,y,t +T) =

Population densi;coies: F = farmers, H =HGs

F(x,y,t+T)=Jr Jr F‘(x+Ax,y+Ay,t)qu(Ax,Ay)dAdiy

B
J—oJ oo

H(x + Ay y+Ay,t) ¢y (A, Ay) dA, dA,

Rr[F(x,y,t)|Rr[H(x,y,1)]
Rr[F(x,y,0)] + v Rr[H(x,y,t)]
Rr[F(x,y,)|Rr[H(x, y,t)]
Rr[F(x,y,t)] + v Rp[H(x,y,t)]

F(x,y,t) =Rr[FOx,y, )] + f

H(X,y,t) = RT[H(x'y)t)] _f

eFT Kp F(x,y.t)
Kr+(e®FT—1) F(x,y,t)

e®HT Ky H(x,y,t) Fort, PNAS 2012
ortg,
KH+(eaHT—1) H(X,Y;t) v

RT[F(X,_')/, t)] —

RT[H(x' y' t)] —




Application to the Neolithic

The front speed for the previous set of equations is

min ar T+ ln[(1+C)(Z§YI=1 Dj IO(ZT]'))]
A>0 TA ’

C =

!
y

where

Iy(Ar) = %fooo d6 exp[Ar cosf] =modified Bessel function of the first kind and
order zero,

{p;, 77} is the demic dispersal kernel of farmers ¢y (A, A,).
This result is valid for any range expansion, not only for the Neolithic.

Fort, PNAS 2012
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Application to the Neolithic

¢ simulations ==equation in the previous slide Parameter values used
B L A A J (from ethnographic data):
S35+ max. ag , min. T Q .
=] ] ar = 0.023 — 0.033 yr1!
& 30 <
X ] _ O _
~ ] o’/\ :7"\ /T
B min. ap, | T =29—-35yr
82.0—: .
] max. '
5] ; {pj}={0.42; 0.23; 0.16; 0.08;
§ § 0.07; 0.02; 0.01; 0.01}
demicé):-_ _ .
= o ---0- -
(€200 5 : {r:}={2.3,7.3, 15, 25,
0.0 35, 45, 55, 100} km
0.01 0.1 1 10 100 1000 10000
C
C = L intensity of cultural transmission Fort, PNAS (2012)

14
How can we compare this theory to data? Next slides
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Application to the Neolithic in Europe
date (calibrated yr BP)

13,000 11,00010,000 9,000 8,000 7,000 6,000 5,000

R S S SR MY What is the observed speed?
£ |
.\—é | — dates vs dlstar.lces..:.:g [ 0.9-1.3 km/yr
© Ny A . .
S o 3.";.';; - 735 sites in Europe & Near
§ 7 (3 | East
* :,p, p. !.. :'
E 3000 - . '..:.k .ot‘s':. - r= 0-83
e .°‘...‘- .o.: . . .
P s T (highest-r origin)
&) ~ o..°
% 2000 - . Xy ::Z.": -
7 0 Rk
© Y Y dates vs distances
O ) ..'-'0:- :.".:':“ .
el TN S 1 great circles & shortest paths
T Y S
5) * Pl . - Pinhasi, Fort & Ammerman, PLoS Biol. (2005)
0 1 T .I T T T T T T T

——
11,00010,000 9,000 8,000 7,000 6,000 5,000 4,000

date (uncalibrated yr BP)
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Application to the Neolithic in Europe

1 Fort, PNAS

(2012)

Fort,
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2022
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Application to the Neolithic in Europe
Effect of cultural diffusion (%) = (speed — demic speed) /speed - 100

— — effect for the minimum predicted speed
— effect for the maximum predicted speed

80 . XI — T — e
70 (b) -
o 60 -
>
I3 50 -
()
ﬂq:) -
T 40 - Fort, PNAS
= (0) ] 2012
3 0-48% (2012)
S 30 -
O i Fort,
cultural or
20 | Hum. Popul.
Gen. &
effect ]
10 | Genom.
2022
0 AN —
0.01 0.1 1 10 100 1000 10000

previuos slide = C 0 = 2.5 C 5



Cultural transmission

1) vertical
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Vertical cultural transmission
We will use it to analyze genetic data

Equations are very similar to the horizontal case. Only 1 parameter (not 2):

HORIZONTAL . _/ VERTICAL* =1
pp= > L L R b =Pt b e
< F=IF Py + Py F F < F = IF UPF Py F F |
Phy=Py— ot piCPy Ph= Py PPy
L Pr + yPy L Pr + Py S o

S

when the f‘%armers arrive (P = 0).So the speed is the same.

If Py =~ 0 » P, = Py —C Py — C<1 for vertical trans.
In the previous slides, C,,,, = 2.5 . This is why we have used horizontal trans.

*3 derivations: (1) Cavalli-Sforza & Feldman 1981, p.97; (2) Fort, Phys. Rev. 2011; (3) same
derivation as for the horizontal case (previous slides) with n= potential mates instead of teachers



Vertical cultural transmission
SIMULATIONS: Grid of square cells. Initially farmers only at the cell containing

the oldest site in Upper Mesopotamia (Abu Hureyra) with a %K such that we
obtain the observed %K (47.4%) at the average location and date of the 15 early
farmers in Upper Mesopotamia whose mtDNA is known.

All other grid cells are initially empty of farmers and with HGs at their saturation
density.

At each node in the grid and time step (1 generation=32 yr), we compute 3
processes:

(1) Dispersal: 38% do not migrate, the rest 50 km (both from ethnography).
Migration threshold: migration only if the farmer density is > 0.06 farmers/km?,
from archaeology and ethnography.

(2) Cultural transmission: next slide.

(3) Reproduction: next slide.

18



Vertical cultural transmission

(2) Cultural transmission:
Py =farmers who have haplogroup K.
Py = farmers who do not have haplogroup K.

Py = hunter-gatherers (all without haplogroup K).

Py
WK =
Pny+Px
. .. _ . . PygPnN
Vertical transmission =Interbreeding: couples HN = C
Pygt+Pn+Pyx
PygP
couples HX = c—2¢ X
Pyg+PnN+Pyx
PNP
random mating for farmers—>couples NX = —2-X
Pn+Px

(3) Reproduction: each couple of farmers has 2Ro
children (Ro=2.45). Genetically mixed matings (HN and
NX) have 50% children N and 50% children X.

How can we compare this theory to data? Next slides

19



Application to the Neolithic in Europe
MmtDNA haplogroup K: absent in hunter-gatherers

-
3
L]

% f

CJ0-5%K [EJ10-15%K EEE20-25 %K [l 30 -35 %K
[C5-10%K [E15-20 %K 25 - 30 %K [ 35 - 40%K

This
pattern in early
farmers
suggests

interbreeding
with HGs

Isern,Fort
& de Rioja,
Sci. Rep. (2017)
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Application to the Neolithic in Europe

Cal years BP

- 5,250
- 5,500
- 5,750
- 6,000
- 6,250
- 6,500
- 6,750
- 7,000
- 7,250
- 7,500
- 7,750
- 8,000
- 8,230

G-’"\.s

i / sea route
’ * " @
—

e e ol

Now we have ancient genetic data for both routes
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Application to the Neolithic in Europe

Initially there are farmers only at the cell with the oldest PPNB site in Upper
Mesopotamia (Abu Hureyra, <9,038 cal BC) at a date (8,718 cal BC) such that the
simulations agree with the data along the inland route (red).

0 1000 2000 3000 4000 5000 6000 7000 Inland route:
140 g simulations with
1 b , _ 7 4500 )
- E / 27 jumps of 50 km
120 4 , | . 3 5000 _
- D é i : per generation
] H s ]
‘@ 100 - EE/ g7 EJ 5500 (value from
] /C s ] ™
o ] ] Ll
T g4 inland route ’ GE’ 6000 O ethnography)
o ) um sof / : -
e ] Qume S||V|ULAT|ONS Je500 >
2 gJ S0km / " ] 5 Sea route:
£ 10.9 km/yr /’ _ 7 sea route 77000 }E'; best fit for
+ i / 1 ] . . .
40 " .7 (jumps of 17500 = simulations with
] / s 1 .
AN 70 km) 3 8000 jumps of 70 km
207 BZ - 1.6km/yr 5
1 270F 1 8500
U ‘A ] Fort & Pérez-Losada,
L Nature Comm. (2024)

I L U L R B L BB R L R
0 1000 2000 3000 4000 5000 6000 7000

Distance to Abu Hureyra (km) v



Application to the Neolithic in Europe

<«

e =

——

~ ancient
‘Genetic

A

Sites with genetic data. Circles and triangles stand for inland and Mediterranean routes

%  Abu Hureyra (oldest PPNB site in region 1, no genetic data) @ 9 Scandinavia

. 1 Northern Mesopotamia (pressumed region of origin) © 10 Northern France

O 2 Central Anatolia A 11 Greece and N. Macedonia

© 3 Westem Anatolia L. 12Croatia

@ 4 Bulgaria (except Malak Preslavets) A 131taly Fort & Pérez- Losada’
O 5 Romania and Serbia (except Iron Gates) __ 14 Southern France Nature Comm. (2024)
@ 6 Hungary A 15 Spain

@® 7 Austria and Czech R. . 16 Portugal

O 8 Germany
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Application to the Neolithic in Europe

I n la n d 0 500 1000 1500 2000 2500 3000

) 70 7T I ] 70
genetlc ] B Oldest Neolithic genetic regional data (a) ]
. 60 - 4 60
cline ; ]
504 { 50
S ] ,;‘-;.;;:_-_-: """"""""""""""""""""""""
e 40—: - 40
S ] ‘ SIMULATIONS
© 304 j 30
= ]
S ] ]
& 20 120
T ] ]
10 - ~J10
1 inland route 4 5 }
09 (jumps of 50 km) C=0.08 H0 3000 km
0 500 1000 1500 2000 2500 (3000

Great-circle distance to Abu Hureyra (km) Fort & Pérez-Losada,

Nature Comm. (2024)
Best fits: C=0.07-0.08
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rranean
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cline

Application to the Neolithic in Europe

Haplogroup K (%)

70

150

1 40

120

160

SIMULATIONS

10

EvaOOO km

1000 2000 3000 4000 5000 6000
L L L L L L L EL AL LA EEL L L B
] m  Qldest Neolithic genetic regional data (b) ]
60—:
50 -
: ,ci;:/-. .........
4 T
40 - Siss.
N
30—:
20 - ]
10 AR
1 sea route cLoor
0- (jumps of 70 km) o 16
—r g T [ T T r T [ T T T T [ T T T T ] T 1 1
0 1000 2000 3000 4000 5000 600

Distance along the coast to Abu Hureyra (km)

Best fit: C = 0.06-0.07.

Fort & Pérez-Losada,
Nature Comm. (2024)

Esentially the same as for the inland route! 25



Application to the Neolithic in Europe

The dispersal behavior depends on geography:

-early farmers moved longer distances per generation along the sea
route.

In turn this led to:

-a faster spread rate along the sea route,

-a lower slope of the genetic cline along the sea route (due to less
interbreeding events per unit distance).

In sharp contrast to this:

The number of farmers that interbred with a HG or acculturated
him/her( , or C=0.07*) was the same along
both routes. It did not depend on geography but only on the
transition in the subsistence economy and its associated way of life.

Prp(x,y,t+1)—Pp(x,y,t) _ Ppc(x,y,t) __100cC

Pr(x,y,t) Puceyt) + Pr(x,y,t) 1+ pTI’{I;min
max

*fraction of farmers =

26



Application to the Neolithic in Europe

UNCERTAINTIES:
-previous slides: about 3.6% of farmers interbred
with a HG or acculturated him/her (C_ = 0.07).

‘Taking into account the uncertainties in the
parameter values (Pr max » PHG max » PF min» Ro)
and in the initial frequencies of haplogroup K:
1% - 8% of farmers interbred with a HG or
acculturated him/her (0.03 < C < 0.14).

Fort & Pérez-Losada,
Nature Comm. (2024)
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Application to the Neolithic in Europe

Y

chromosome

Haplogroup G2a (%)

Haplogroup G2 is the most frequent one in farmers.

It is essentially absent in hunter-gatherers

0 500 1000 1500 2000 2500 3000
1M 777777 100
] = QOldest Neolithic genetic regional data ]
90 - = 90
so—f 3 4 80
] 2 ]
70 3 370
] 7 ]
60 4 60
50—; """'.,l.'k < C =0.07 6 8 10 "; 50
40 4 ""f-z’;/_./z? E 40
] 2erg,, 5
30 4 }/ 22 4 30
: C 008 2%, ]
204 <% 320
1 inland route g
107 (jumps of 50 km) 110
o7 LI S S S L St FO .S o e S e BT - -El- i 40
0 500 1000 1500 2000 2500 3000

Great-circle distance to Abu Hureyra (km)

For the sea route there are not enough data

We obtain
again C = 0.07,
In agreement
with the mt
DNA results

Fort &
Pérez-Losada,
Nature Comm.
2024
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Application to the Neolithic in Europe

Whole [BEkS

genome

0.504

Final Anatolian Ancestry Proportion
=
N

0.00 4 .

0 1000 2000 3000
Distance From Origin (km)

4000

Empirical
aDNA
Datapoint

Simulation
Ancestry
Results

Robust

7 Linear

Regression

LaPolice,
Williams
& Huber,
bioRxiv
(2024)

They obtain that about 0.1% of early farmers interbred with a HG or acculturated
him/her each year, i.e. about 0.1% -32 yr = 3.2% per generation.
This is consistent with our estimation (previous slides) of 3.6%

(more precisely 1% - 8%).
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Application to the Neolithic in Europe

We go back to a figure obtained in a previous slide from Archaeology (black):

— — minimum reproduction

80

—— maximum preproduction

///V/g/;g >

cultural effect (%)

- N
o o
| ]

o

2

> EUROPE

Archaeology: 0<C<2.5]
cultural effect 0-48%

Genetics: 0.03<C<0.14,
cultural effect 2%-24% -

0.01

0.1

—
10 100 1000 10000
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Prehistoric dispersals of farming and herding
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J. Fort, Tendencies in the tempo of pre-modern expansions. Submitted (2024)



Prehistoric dispersals of farming and herding

100 T T T T T T T T T T T

80 - -
70 | -
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J. Fort, The spread of agriculture: general laws in prehistory? in Simulating transitions to agriculture in prehistory,
eds. S. Pardo-Gordd & S. Bergin (Springer, Cham, 2021), p. 17-28.



Cultural transmission
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Oblique cultural transmission

Infantile HGs learn farming from adult farmers,
so we need 4 populations with densities
(number of people/km?):

Infantile farmers: p;(x, y, t)
Adult farmers: p,(x, vy, t)

Infantile HGs: q;(x, y, t)
Adult HGs: g4(x,y,t)

34



Oblique cultural transmission

First a simple model without cultural transmission (only farmers):
(p1(6,y,t+7) = Fpa(x,y,t) (1)

< (00) (00) \
paGey e+ = A=mp) [ [ 300 8,) i+ Ay + 8y, €)d dy + (1= ma) paa v,
\ —00 Y —00

where

- F = fecundity = number of children born per adult during 7, and still alive at t=t.
Thus (1) = p; (infantiles) are aged 0- 7; p4 (adults) are aged above .

- m; = infantile mortality=portion of individuals aged 0-7 at t and died at t+t.

- my = adult mortality=portion of individuals aged above 7T at t and died at t+1.

- T =16 yr is suggested by ethnographic data (start of reproduction).

X0 (Ax, Ay)=dispersal kernel: Again a portion p,, (persistency) do not migrate,

the rest move isotropically a distance r.
Fort, Chaos, Solitons & Fractals (2021)

35



Oblique cultural transmission
We add oblique transmission between adult farmers p, and infantile HGs q;:

2

pi(x,y,t +7) = Fpa(x,y,t) Fort, Chaos, Solitons & Fractals (2021)

paGey e+ ==m) [ [ $(008,)m@,y,0da, da,

® ® pA (X’, y,r t) ql (X’, y" t)
+(1—m f j A,, A — ——dA, dA
( 2 . _ofb( why) f pa(x,y, )+ yq(,y, ) Y

< +(1 —my) pa(x,y,t)
(6, y,t+1) =F, qalx,y,t) Infantile HGs learn skills until about 16 yr [1]

(00] rOO , ,
qa(x,y,t +71) = (1—my,) f dq(0x A)) q;(x', ¥, t) dA, dA,,

—o0 oo

_(1_m1) r r ¢(Ax;Ay)f pA(ny 't) CII(ny rt) dAx dAy

J—ooJ— pA(x,ry,'t)-l_ yql(x,ry,'t)
\ +(1_mAq) CIA(X;Y»t)-
[1] Hewlett & Cavalli-Sforza, Cultural transmission among Aka pygmies. Amer. Anthropol. 1986

3
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Oblique cultural transmission

min In ;1)

speed= 1>0 e [1]

where p;(A) is the largest of the eigenvalues of the linearized matrix M.

- (1-mj) Cf(/lr)+(1—mA)+\/[(1—mI) Cf(Ar)+(1—mA)]2+4F(1—m1) f(as
min n 2

A1>0 At

In our case this yields [2]: speed=

where C =£,

14
fQr) =pe + (1 —p. (A7),
I,(Ar) = ifooo df exp[A r cosf]=modified Bessel function of the first kind and order zero

[1] Neubert, M. & Caswell, H. “Demography and Dispersal: Calculation and sensitivity analysis of
invasion speed for structured populations," Ecology (2000)

[2] Fort, J. “Front propagation and cultural transmission. Theory and application to Neolithic
transitions.” Chaos, Solitons & Fractals (2021) 37
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Oblique cultural transmission

Expansion of Khoi-khoi
herders (not farmers) in southwestern Africa.

speed = 1.4-3.3 km/yr.

Time (yr)

g gt

\Q("
ec’e:“ é‘@é’#@@vp@v?‘spd@

—— Linear fit
-- 80% confidence bands

"o
"o

¥ ]
500 1000

Distance (km)

Jerardino, Fort, Isern & Rondelli, PLoS One (2014)




speed s (km/yr)
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Oblique cultural transmission
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3.0
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1.3

/

ethnography:
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my, = 0.49, m; = 0.29,
F=269andt=16yr
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0.0
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100
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1000

Fort, Chaos, Solitons & Fractals (2021) 39



Oblique cultural transmission

Conclusions
-Oblique transmission leads to faster fronts than
vertical and horizontal transmission (as expected
intuitively).

-Fast range expansions (e.g., that of Khoi-khoi herders)
can be explained by obligue transmission but
apparently not by vertical neither horizontal
transmission.

Fort, Chaos, Solitons & Fractals (2021) 20



